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T he anesthetic management of orthotopic liver transplantation (OLT) can be challenging because of the complex patient population, which includes patients with multiple cardiovascular abnormalities, 1 and because of surgical considerations for the procedure. 2 Management involves treating sudden and clinically significant hemodynamic shifts, addressing cardiovascular instability, and performing ongoing volume assessment. 2, 3 Advanced cardiovascular monitoring has routinely been used in clinical practice to manage OLT. Pulmonary artery catheters (PACs) traditionally were considered the standard of care for intraoperative management, but more recently, transesophageal echocardiography (TEE) has been used in addition to or instead of a PAC. 4 Surveys show an increasing prevalence of TEE use during OLT. 5 Increased use of this cardiac monitor is possibly due in part to the increased awareness of abnormal intraoperative TEE findings during OLT. Shillcutt et al 6 reported that 88 of 100 patients (88%) who had TEE monitoring during OLT had at least 1 abnormal intraoperative TEE finding. Most of these findings would not be detected with a PAC.
Numerous national and international anesthesiology associations have recommended TEE monitoring during OLT, 1 because it can be used intraoperatively to dynamically assess cardiac function, volume status, and surrounding structures in real time. This information presumably facilitates the anesthesiologist's decision-making process when selecting various interventions.
A 2012 survey of 79 transplant centers (performing at least 12 OLT cases in 2011) assessed TEE practice patterns during
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(Transplantation Direct 2020;6: e525; doi: 10.1097/TXD.0000000000000972. Published online 13 January, 2020.) adult liver transplant. 7 In that survey, the overall intraoperative TEE use was 94.9%; 38% used TEE routinely, and 57% used TEE for special circumstances or rescue conditions.
With the reported variations in monitor selection, we were unaware of any study examining the relationship between monitor selection and patient outcomes in OLT. We reviewed our institutional experience to evaluate how intraoperative monitoring with TEE, with or without a PAC, affected patient outcomes. We hypothesized that outcomes would not differ among these approaches, suggesting that the choice of either monitor could depend on availability and provider expertise.
MATERIALS AND METHODS
The Mayo Clinic Institutional Review Board approved this retrospective review as a minimal risk study (protocol #18-006509). Protocol design was completed before dataset assembly. Patients who did not consent to authorize research use of their medical records were excluded from the study, in accordance with Minnesota Statute 144.295. Strengthening the Reporting of Observational Studies in Epidemiology guidelines were used as applicable. 8 All liver transplant operations were performed at Mayo Clinic (Rochester, MN) from January 1, 2015, to April 30, 2018. For this study, we included adult patients (aged ≥18 y) who were monitored intraoperatively with TEE alone, PAC alone, or both (TEE + PAC). We excluded patients who had a combined heart-liver transplant and those who had OLT without TEE or PAC (uncommon in our practice).
All patients received care from a dedicated liver transplant anesthesia team. OLT patients underwent general anesthesia with a volatile agent. Invasive monitoring included an arterial catheter (usually brachial) and central venous access. Additional monitoring with TEE or a continuous cardiac output PAC (or both) was selected at the discretion of the attending anesthesiologist. Monitors were placed after induction and remained in use throughout the procedure. Goals for hemodynamic parameters, volume resuscitation, and transfusion management for each patient were at the discretion of the attending anesthesiologist, in consultation with the surgical team. The surgical approach was a "piggyback technique" with partial inferior vena cava clamping. If this approach was not feasible, the inferior vena cava was completely clamped. In our practice, the use of venovenous bypass is rare, and temporary portocaval shunts are not used.
We used an institutional data warehouse, the Perioperative Data Mart, to identify patients and abstract their demographic, surgical, transfusion, and laboratory characteristics. 9 A second institutional database, the Advanced Cohort Explorer, was used to obtain additional information. 10 Both databases are periodically validated, and data mining accuracy is reported to exceed that of manual extraction. 11, 12 Perioperative variables extracted from the databases included demographic characteristics (sex, age, weight) and severity of illness (Charlson comorbidity index score, American Society of Anesthesiologists [ASA] physical status score). Preoperative laboratory data included the model for end-stage liver disease (MELD) score (calculated at the time of transplant) and hemoglobin and creatinine levels. Operative characteristics included the type of monitoring (TEE, PAC, TEE + PAC), donor type (scheduled living donor versus deceased donor), and fluid administration (intraoperative crystalloid, colloid, and blood transfusion volumes). Postoperative characteristics included total hospital length of stay (LOS; the primary outcome of interest), intensive care unit (ICU) LOS, need for postoperative mechanical ventilation, new postoperative need for dialysis, postoperative myocardial ischemia, cerebrovascular complication, return to the operating room within 7 days of transplant, and death within 30 days of transplant.
Statistical Analysis
Patients were stratified by intraoperative monitoring approach into 3 groups (TEE alone, PAC alone, and TEE + PAC). Categorical variables are summarized with frequency and proportion, and continuous variables are summarized with median and interquartile range. Point estimates with 95% confidence intervals (CIs) were used to assess the frequency of outcomes. Univariable methods used to assess outcomes between these groups were the Pearson χ 2 test for categorical variables and analysis of variance for continuous variables. P values < 0.05 were considered statistically significant.
Multivariable regression analysis was used to assess the relationship between monitoring approach and hospital LOS while adjusting for MELD, Charlson comorbidity score, and age. Further multivariable analyses were not pursued because of the lack of statistical power and predicted low frequency of outcomes.
A separate secondary analysis compared 2 groups, those who had intraoperative TEE (with or without PAC) and those who had only PAC monitoring. Fisher exact tests were used to compare categorical variables, and Wilcoxon signed rank sum tests were used to compare continuous variables. Statistical analyses were completed with JMP software (SAS Institute Inc.).
A post hoc analysis was performed examining intraoperative vasoactive medication use and total cumulative hypotension, defined as mean arterial pressure (MAP) <60 mm Hg.
RESULTS
In total, 316 patients undergoing liver transplant were included in the study ( Figure 1 ). Of these operations, 38 (12.0%) were managed with TEE alone, 200 (63.3%) were managed with PAC alone, and 78 (24.7%) were managed with TEE + PAC.
Patient demographics, comorbid conditions, cause and sequelae of liver disease, and preoperative laboratory values are shown in Table 1 . The groups generally were similar; however, patients in the TEE + PAC group had the highest rate of prior myocardial infarctions (6/78 [7.7%]; P = 0.004). The groups were not different in terms of preoperative creatinine level, MELD score, Charlson comorbidity index, ASA physical score, age, warm ischemia time, or cold ischemia time.
Intraoperative data are shown in Table 2 . Patients in the TEE + PAC group received the lowest volume of crystalloid (4123 mL; P = 0.01) and also had the lowest total volume of intraoperative infusion (crystalloid, colloid, blood products; 8330 mL; P = 0.02). The incidence and volume of blood products transfused did not significantly differ between groups with 1 exception. Patients in the PAC + TEE group were less likely to be transfused fresh frozen plasma although the amounts transfused did not significantly vary. The TEE group had the lowest cumulative time with MAP <60 mm Hg (72 minutes; P < 0.0001). The TEE group also had the highest rate of any vasopressor infusion (P = 0.02) with vasopressin infusion being the only infusion with a significant difference of use between the 3 groups (P = 0.03). Table 2 also shows ICU LOS, duration of postoperative mechanical ventilation, return to the operating room within 7 days of transplant, new organ failure, and 30-day mortality rate. Patients in the TEE + PAC group had the shortest median hospital LOS (8.6 days; P = 0.03) and the lowest 30-day mortality rate (1/78 [1.3%]; P = 0.047). However, the TEE + PAC group also had the highest incidence of a new postoperative need for dialysis (8/78 [10.3%]; P < 0.001). No differences were noted for total ICU LOS, total duration of mechanical ventilation, return to the operating room within 7 days, or organ rejection. There was no significant difference in hospital LOS (P = 0.48) or 30-day mortality (P = 0.29) between the 4 surgeons who performed all included cases.
In a multivariable regression analysis adjusting for MELD, Charlson comorbidity index, and age, monitor selection remained significantly associated with hospital LOS (P = 0.04). Specifically, after adjustment, TEE was associated with a longer hospital LOS than PAC (estimate, 8 Table 3 shows intraoperative and outcome data from the TEE versus no-TEE secondary analysis. With this stratification approach, we observed no difference in hospital LOS, ICU LOS, duration of postoperative mechanical ventilation, need to return to the operating room within 7 days of transplant, or 30-day mortality rate. However, the TEE group received less crystalloid (4561 mL; P = 0.006) and had a lower total volume of infusions (crystalloid, colloid, blood products; 9219 mL; P = 0.01). The TEE group also had a higher incidence of a new postoperative need for dialysis (10/116 [8.6%]; P < 0.001). Furthermore, we observed no difference in preoperative creatinine levels between the 2 groups (P = 0.22).
DISCUSSION
To our knowledge, this is the first study comparing the effect of intraoperative use of TEE alone, PAC alone, or TEE + PAC on patient outcomes after OLT. Patients in the TEE + PAC group received the lowest volume of fluid intraoperatively, had the shortest hospital LOS, and had the lowest 30-day mortality rate, but it also had the highest incidence of a new postoperative need for dialysis. In the secondary analysis of TEE versus no-TEE, we did not observe any significant differences in survival rates or hospital LOS; however, the TEE group again had a higher rate of postoperative dialysis initiation.
OLTs are complex cases with challenging anesthetic management. Hemodynamic lability that requires frequent assessment and intervention is common. Our study suggests that the complexity of these cases is best met by using TEE + PAC. A possible explanation for the superior outcomes is that the combination of right heart pressure data (from the PAC) and cardiac volume/function data (from the TEE) provides a unique combination of data that are otherwise not available but nonetheless still pertinent for the successful management of a high complexity case such as an OLT. This additional information may allow for an improved interpretation of the patient's status, thus improving management.
Baseline demographic assessment of these groups showed no differences in MELD scores, Charlson comorbidity scores, ASA physical scores, or age (Table 1) . Therefore, monitor selection in our practice appeared to be guided more by provider preference than by the patient's overall clinical status, although other confounding variables cannot be excluded. Unfortunately, our study was underpowered for measuring the effects of individual anesthesiologists on monitor selection. Furthermore, we lacked detailed data about management goals or how certain decisions were made, especially data regarding decisions on the type of monitors selected.
Our multivariable regression analysis showed a significant association between hospital LOS and monitor selection. Although the evidence suggested a longer hospital LOS when TEE was used, we note that these results are likely skewed by a small number of extended hospitalizations. For example, 1 patient in the TEE group underwent 2 liver transplant operations during a 147-day hospitalization.
Although patients in the TEE + PAC group had the shortest hospital LOS and lowest 30-day mortality rate, the higher proportion of patients with a new postoperative need for dialysis is a discordant result. This finding could have several underlying mechanisms. First, the choice of monitoring approach for patients with presumed marginal renal function may have been subject to selection bias. Second, the TEE + PAC group received the lowest total volume of all infusions; conservative fluid management, more time with MAP < 60 mm Hg (compared to the TEE group), and a higher rate of vasoactive medication use (compared to the TEE group) may have contributed to a decline in postoperative kidney function. Further examination of acute kidney injury and its postoperative management were not pursued as this was outside the scope of design of the present study. In our secondary analysis (TEE versus no-TEE), hospital LOS and 30-day mortality rate were not significantly different between the 2 groups, suggesting that the combination of TEE and PAC provides a synergistic benefit. We also noted that the TEE group had a lower total volume of infusions and that patients in this group more commonly had a new postoperative need for dialysis. A possible explanation is that these patients were managed more conservatively regarding volume administration. Nevertheless, the other outcomes were similar for TEE versus no-TEE patients, suggesting that the TEE interpretation was consistent and appropriate. Notably, none of the patients newly requiring dialysis had undergone a combined kidney-liver transplant; those patients already were receiving dialysis.
Our practice is to remove the TEE probe at the conclusion of surgery, and the majority of PACs are removed at that time as well. Ongoing use of PAC during the immediate postoperative period, when patients are in a dedicated ICU, could influence outcome. However, PAC management in the ICU and its effects on outcomes, along with ICU management of these cases in general, were beyond the scope of the current study. The anesthesiologists in our group have varying levels of TEE training and experience, ranging from no formal training to board certification in advanced perioperative TEE. This TEE experience mix is consistent with that of other transplant anesthesiologist groups. 7 The effects of differing levels of training, certification, and experience on the interpretation of TEE data are unclear in the liver transplant setting. Likewise, anesthesiologists are often assumed to be experts in interpreting PAC data, and this assumption may not always be true. With a general decrease in the use of PAC, such issues may become more prevalent, depending on training and experience. [13] [14] [15] Placement of TEE and PAC is not without risks and complications either. However, the incidence of complications is low, even when TEE and PAC are both used. 16, 17 This study has several limitations. First, this retrospective review had all the limitations inherent in such a design and available data were limited to what was in our databases. Second, no monitoring system by itself affects clinical outcomes. It is the provider interpreting the data and acting on the interpretation who influences outcomes. Our series contained a number of cases that were managed by more than 1 anesthesiologist, and it was not possible to determine the primary anesthesiologist whose management had the most pronounced effect on each case. The remaining cases managed with a sole anesthesiologist were too few for any meaningful analysis. Because of this, the anesthesiologist variable is likely an unmeasured cofounder although available evidence does not support or refute this claim. Third, our TEE system does not capture or store intraoperative video clips or images for later review, and our practice does not document intraoperative TEE findings. Thus, we could not review cases to determine what could have affected clinical decision-making. However, most patients undergoing OLT have abnormal findings with TEE, 6 and these abnormalities commonly affect clinical decisions. Fourth, we had a relatively small sample size and a small number of events in some result categories and the study was underpowered to detect numerous outcomes. Thus, additional multivariable modeling was not pursued because of concerns with model overfitting. Finally, only limited donor characteristics were available and there was no difference in cold or warm ischemia times.
In conclusion, patients managed with TEE + PAC had the shortest hospital LOS and the lowest 30-day mortality rate. Transplant anesthesiologists should be aware of the potential benefits of using these monitors concurrently during OLT. Additional studies are needed. Ideally, these would include a randomized controlled trial design incorporating multiple institutions to confirm our findings and to elucidate the mechanism underlying these effects. Further studies examining the need for new postoperative dialysis after OLT would also be beneficial.
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